The emissions from a traditional tiled stove consisted mainly of lignin-related methoxyphenols with antioxidant properties, and 1,6-anhydroglucose from cellulose degradation. A wood stove of presently introduced energy-efficient design for residential heating and hot-water supply was shown to emit small amounts of methoxyphenols and anhydrosugars from primary wood pyrolysis. Secondary harmful components like benzene and polycyclic aromatic hydrocarbons constituted a major portion of the organic emissions. It is concluded that differences in smoke composition are essential to consider in recommendations and rules for proper choices of wood burning devices.
INTRODUCTION
New technical systems for residential wood burning are now recommended and rapidly introduced in Sweden and many other countries. Major incentives are increased energy efficiency and decreased total emissions of gaseous and particulate organic compounds. Correspondingly decreased environmental and health hazards are not self-evident, however, because the proportions between major groups of compounds from pyrolysis of wood and wood components depend heavily on temperature [1] .
Wood smoke represents a complex mixhue of compolmds with widely varying effects. Primary major components from combustion of lignin in wood are methoxyphenols [2, 3] , which possess antioxidative properties [4, 5] . The wood polysaccharides give rise to 1,6-anhydroglucose [1, 6] . Health concerns presently emphasise the carcinogenic benzene, which is emitted as a major volatile hydrocarbon [7] .
Many studies have focussed on particle-associated polycyclic aromatic hydrocarbons [8, 9, 10] , which include several carcinogenic species.
The purpose of this study was to determine the proportions of major hazardous and non-hazardous compOlmds and compound classes in chimney smoke. Differences in proportions between traditional and new bmning devices should be important for decisions on the introduction of new systems and were therefore emphasised.
MATERIALS AND METHODS
The commercial stove for household hot-water supply and hot-water house heating (Egor V25, model FG) had a cast iron fmnace (1281,32 kW) with horizontal air flow dming combustion. The stove was linked to two 500 1 hot-water storage tanks. An igniting period of 5 min was followed by loading once only, with 20 kg of season-dried wood. The air flow was decreased automatically as the intensity of the fire decreased. In the traditional tiled stove, about 1 kg of dry birchwood was used as fuel. Repeated fires, with warmed-up stove and chimney, were arranged identically. The results given in Table 1 illustrate the content of specific compounds in smoke for differing burning conditions. The condensed results in Table 2 emphasise the striking differences for five major compound classes.
Smoke Samples
The first four samples reported in Table 1 were taken during typical burning cycles of an energyefficient system of recent design. The sampling time was in the interval 3-7 min for each sample. The first sample represents the igniting phase with mainly small roundwood. The second sample refers to initial burning of coarse wood which was put into the furnace 5 min after igniting as the single load for the burning cycle. The fuel was mainly hardwood (birch, alder, oak and aspen) with about one third of softwood (pine and spruce). The third sample was taken during full flaming combustion, and the fourth when flaming was replaced by glowing combustion only.
The last two samples represent smoke from a traditional tiled stove originally intended for warming one room of a house. A small fire of birchwood only was used, as is often the case nowadays when tiled stoves and fireplaces are used for pleasure burning. The last column refers to a first reluctant spring morning fire, and the second last column to a subsequent hotter fire with warmer stove and chimney.
The burning cycles from igniting to ceased flaming were 12-15 min, and samples were taken during this period.
For both types of stoves, samples were taken in the chimney pipe outlet. The representativity of the samples was checked by samples from duplicate or multiplicate burning cycles. Results are given for selected major compounds within each of five compound classes. This permits differences in proportions related more to compound class than to specific compotmds to be seen more clearly.
Among the volatile aromatic hydrocarbons, benzene is predominant. The highest concentrations and the highest proportions compared to other smoke components were obtained for full flaming burning in the water-heating stove. The much lower concentration of methylbenzene (toluene) is in accordance with results from specific studies of volatile hydrocarbons [7] . The concentration of styrene was typically higher than that of ethylbenzene and the three dimethylbenzene (xylene) isomers.
The polycyclic aromatic hydrocarbons (P AH) phenanthrene and pyrene were emitted in very high concentrations and proportions from hot flaming burning. In contrast, their proportions from initial, glowing, and tiled stove burning were much lower. This is consistent with observed extensive formation of P AH from wood above 800°C but not below 600°C [1, 10, 11] . The proportions of the bicyclic and more volatile naphthalene were large but varied less strikingly. Observed compotmds formed in smaller amounts were indene, acenaphthylene, methylnaphthalenes and anthracene. Fluoranthene was formed in similar proportions as its isomer pyrene. These two compounds are normally included in studies of P AH species of lower volatility [8, 9] permitting estimates of species not included in this shldy.
Phenol is emitted as a prominent component, particularly in smoke from the large burning device. The three isomeric methylphenols add up to about the same proportion as phenol. The three isomeric ethylphenols and several isomeric dirnethylphenols were smaller components. Similar proportions between phenol and alkylphenols have been reported in chimney studies of wood smoke by other methods [2] .
Four prominent methoxyphenols were selected as representatives of this numerous compotmd class.
Their proportion was low for hot flaming combustion, but high in smoke from the tiled stove. The methoxyphenols are formed in high proportions from incomplete burning, as primary degradation products of plant lignin [3] . Both softwood and hardwood give rise to 2-methoxyphenols, whereas 2,6-dimethoxyphenols are obtained in large proportions from hardwood only. The four methoxyphenols in Table 1 add up to about 40 % of the total amOlmt of about 20 quantitatively significant methoxyphenols.
The proportions given in Table 2 refer to the total amount of methoxyphenols. The proportions between specific methoxyphenols varied with combustion conditions, but were similar to those reported in an American study of chimney wood smoke [2] . The results in Table 2 are consistent with reported maximum proportions at lower temperatures for methoxyphenols than for the phenols without methoxyl groups [1, 10] .
Polysaccharide degradation gives rise to l,6-anhydroglucose and 2-furaldehyde as major compounds in smoke from incomplete burning. Their proportions are much lower for efficient burning, paralleling the results for methoxyphenols. The presence of a large proportion of l,6-anhydroglucose in biomass smoke is generally recognised [1, 6] . The more volatile 2-furaldehyde is easily lost in studies of smoke particles.
High proportions of 2-furaldehyde relate to a high content of xylan hemicelluloses in birch and other hardwood species [1] .
Health Hazards Relative to Burning Conditions
Concern regarding health hazards of wood smoke is focussed on the carcinogenic volatile hydrocarbon benzene and on the polycyclic aromatic hydrocarbons. Phenanthrene and pyrene are well known P AH representatives. In Table 2 , the relative proportions of these compounds are compared with those of other prominent compolmd classes for the burning conditions studied. The proportions of the hazardous compounds are highest in smoke from flaming combustion in the modem stove for hot-water supply. The proportions are much lower in smoke from the tiled stove and from glowing combustion.
Contrary to the hazardous hydrocarbons, the methoxyphenols are almost completely destroyed by the efficient burning device. On the other hand, they constitute as much as half of the amount of recorded compounds in smoke from the tiled stove. The methoxyphenols include vanillin and structurally related pleasant compounds [2, 3] . They have antioxidant properties [4, 5] , which may even counteract hazardous effects of the smoke. The 2,6-dimethoxyphenols from hardwood are stronger antioxidants than the 2-methoxyphenols from softwood [4] , with potential consequences for the health impact of smoke from different wood fuels. On efficient burning, the methoxyphenols are partly replaced by phenol and alkylphenols, which have weaker antioxidant effects. The prominent l,6-anhydroglucose from incomplete burning is not associated with health hazards either.
Phenols have actually been shown to decrease a carcinogenic effect of the best known P AH, benso(a)pyrene [12] . Furthermore, extracts of ambient air particles have been demonstrated to be less carcinogenic for wood smoke than for traffic exhaust [13] . These observations may be linked to the content of methoxyphenols in wood smoke. Methoxyphenols are obviously emitted during the initial igniting and the final glowing phases of wood burning, even for stoves with high combustion temperature. Newsprint from thermo-mechanical softwood pulp is often used for igniting, and gives rise to smoke differing markedly from that of softwood by a high proportion of coniferyl alcohol, 3-(4-hydroxy-3-methoxyphenyl)-2-propenol [14] .
Based on recorded large decreases in the total amolmt of emitted carbon-containing material, stoves with more efficient burning are now strongly recommended. An environmentally approved version with ceramic furnace and still higher combustion temperature is available for the commercial stove Total ion current chromatogram of early-eluting compounds in chimney smoke from fully flaming wood stove burning (third column in Table 1 ).
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The chromatogram in Figure 1 demonstrates good chromatographic behaviour of hydrocarbons as well as very polar compounds, like phenols and 2-furaldehyde, on the cyanopropylphenylsilicone fused silica capillary column. Less volatile compounds like P AB and methoxyphenols [3] appear in a latter part of the chromatograms. The differences in response factors were small compared with the impact of burning conditions, and the response determined for vanillin was therefore used for all compOlmds [3] .
The Tenax cartridges adsorb gaseous compounds and trap small particles. Apparently, it is not critical whether the subsequent thermal desorption occurs from the porous polymer or from trapped particles.
Many studies have focussed on smoke particles, using high-volume sampling on filters, followed by extraction and analysis [2, 8, 9] . These techniques are advantageous specifically for compounds of low volatility, allowing determinations of non-reactive compolmds in very low concentrations.
CONCLUSIONS
The results demonstrate very large differences in the proportions of key compounds in wood smoke for different stove devices and burning conditions. Early studies treated wood and biomass burning mainly as a uniform source of air pollutants [2, 6, 8] , and efforts have been made to find specific tracer compounds. The differences in composition are particularly important to consider when parameters are chosen for regulation of emissions, and when burning devices are constructed for minimising hazardous emissions.
